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Abstract 
Transparent conductive oxides are widely studied materials for photovoltaics and sensing systems. ZnO possesses excellent 
transparency and high electron mobility. In this work, we have studied the effect of Al and Mg dopants and their influence on the 
structural and electrical characteristics of ZnO films. A sol-gel route was used to obtain the intrinsic and doped ZnO precursor 
solutions. Subsequently, we have deposited the material on glass substrates by spray pyrolysis and, finally, the films were 
characterized by X-ray diffraction measurements to determine parameters like the lattice parameter, the preferential growth 
orientation and the mosaicity in the layers. 
© 2014 The Authors. Published by Elsevier Ltd. 
Selection and peer-review under responsibility of the scientific committee of SAM - CONAMET 2013. 
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1. Introduction 
Nanostructured ZnO materials have been widely studied due to their good performance in electronic, optical and 
photonic devices (Fleischer et al., 2012 and Cai et al., 2003). Since 1960, ZnO synthesis has been an active field of 
research in sensors, transductors and catalysis applications (Ma and Thian, 2010). The grain size reduction allows 
making use of new electrical, mechanical and optical properties, most of which are determined by quantum 
confinement effects in the material. ZnO is a key technological material. The lack of a center of symmetry in the 
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wurtzite structure, combined with a strong electromechanical coupling, allows ZnO to possess important 
piezoelectric and pyroelectric properties. This fact has turned ZnO into a useful material concerning mechanical 
actuators and piezoelectric sensors (Joshi et al., 2012). 
The large energy gap of this sePLFRQGXFWRU §  H9 VHUYHV IRU RSWRHOHFWURQLF GHYLFHV ZRUNLQJ DW VKRUW
wavelengths. In this respect, if this oxide is doped with some impurity (like Al or Mg) it becomes a transparent 
conducting oxide (TCO). ZnO thin films have been widely used as frontal electrode in solar cells, being an 
alternative to metallic grid contacts that introduce shadows and lower the cell performance (ýDPSD et al., 2007). 
Transparent thin film transistors (TTFT) are also an active field for application of ZnO films (Ohtomo et al., 2006). 
Another advantage of ZnO is its capability of growing with different morphologies like nanorings, nanohelices, 
nanostrips, nanowires, etc. (Wang, 2004). Some of its most recent applications are related to sensing systems, since 
its surface can be strongly influenced by different gases (Lupan et al., 2008). Previous works by Benzarouk et al. 
(2012), Geng et al. (2011) and Jeong et al. (2007) on ZnO thin films focused on the variations of optical, electrical 
and structural properties with the dopant concentration. However, there are scarce studies about the effect of dopants 
like Al or Mg on the orientation of crystalline domains and how these influence the electrical properties of the films. 
In this context, we present results obtained with ZnO films synthesized through the sol-gel method by means of a 
spray of the precursors in solution and their subsequent pyrolization. The morphological and structural properties of 
the films were analyzed by scanning electron microscopy (SEM) and X-ray diffraction (XRD), respectively. In turn, 
the electrical characterization was performed by Hall effect and resistivity measurements. This latter technique 
provides some important parameters like the electrical resistivity and carrier density and mobility. We have found a 
correlation between these parameters and the mosaicity of the grown films, determined by XRD.  
2. Experimental details 
We deposited ZnO films starting with the synthesis of the ethoxylated precursors from Zn salts 
[Zn(O2CCH3)2(H2O)2 0.2 M] and Mg and Al dopants [C4H6MgO4(H2O)4 and AlCl3, respectively], through the sol-
gel method (Znaidi, 2010). Subsequently, a spray pyrolysis process with these precursors allowed us depositing ZnO 
thin films onto glass substrates, as described in Garcés et al. (2013). In the present work we have studied the effect 
of dopant insertion into the crystalline structure of an oxide like ZnO. This process was studied by varying the 
dopant concentration in the precursor solution and, thus, in the resulting ZnO structure. A (TEA)NC6H15 solution 
was used as an aditive for the sol-gel process. The precursors were gauged in a total volume of 100 ml by using 
solvents like ethanol and water. Generally, the deposition temperature used for ZnO fabrication is in the range 
between 380 °C and 500 °C (Biswal et al., 2010). We have used a temperature of 450 °C, which was chosen after 
optimizing the resistivity and transparency of the deposited films. The deposition time was also fixed at 20 min, in 
RUGHUWRREWDLQURXJKO\WKHVDPHWKLFNQHVVLQDOOWKHILOPV§WRȝPWe attributed these thickness variations 
to the differences in dopant concentration of the precursor solution. The Mg and Al concentrations were varied by 
taking into account the fraction x/Zn, where x stands for Mg or Al. In the case of the Al ion the concentration was 
varied from 0 at.% to 1.5 at.%, and for Mg it was between 0 at.% and 0.75 at.%. It's worth recalling that these 
concentrations correspond to the precursor in solution. 
3. Results and discussion 
In Fig. 1 we show the surface and cross-sectional area of the ZnO samples doped with Al [Fig. 1(a)] and Mg [Fig. 
2(b)], deposited on glass. The interfaces of both samples are very homogeneous through the scanned area. The 
microstructure is dense, uniform and free of cracks. In particular, the Mg-doped sample presents individual grains in 
the form of stacked columns. In turn, the Al-doped samples presented a dense structure and the surface reveals 
certain degree of grain inhomogeneity. These characteristics of rugosity or texture are usually attributed to the 
relation between the nucleation rate and its activation energy during film growth (Huang et al., 2008). 
Fig. 2(a) and (b) present the XRD patterns obtained for the Al-doped and Mg-doped samples, respectively. For 
the Al-doped samples the characteristic diffraction peaks of the hexagonal ZnO structure can be observed, 
evidencing a strong orientation in the [0 0 2] direction. The rest of the crystalline planes appears at the positions 
corresponding to the wurtzite phase (ref. JCPDS: 36-1451) but with different relative intensities with respect to the 
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powder pattern. We have marked with an asterisk (*) the peak centered at 2ș = 30°, present in all patterns, which is 
due to a secondary zinc oxo-acetate phase (Puyoo et al., 2012). The inset of Fig. 2(a) shows a detail of the XRD 
pattern for 31° < 2ș < 37°, where an increment of the relative intensity of peak (1 0 1) can be appreciated as the Al 
concentration increases.  
 
 
Fig. 1. Electronic microscopy images of the surface (left) and cross-sectional area (right) of ZnO films doped with (a) Al and (b) Mg. 
This fact evidences a change in the ZnO structure. At the same time, a shifting of the (0 0 2) peak from 2ș = 
34.41° to 34.52° is observed as the Al concentration increases. This is attributed to a variation of the lattice 












    (1) 
where (h k l) are the Miller indices of the respective crystalline planes, a = b and c stand for the lattice parameters of 
the hexagonal ZnO structure and dhkl is the distance between (h k l) planes. In this way, we found that the parameter 
a decreases from 3.35 Å to 3.23 Å. This change was attributed by Lin et al. (2007) to the formation of Al+3 ions 
(with lower radius) and Zn vacancies formed in the ZnO crystalline structure. 
For the Mg-doped samples [Fig. 2(b)] the (0 0 2) plane predominates. The other characteristic directions of the 
hexagonal ZnO structure are also present with exception of the (1 1 0) plane. The [1 0 2] direction appears slightly 
for higher Mg concentrations. In this case, the shifting of peak (0 0 2) to higher angles is not as marked as in the 
case of Al-doped ZnO. The increase in Mg concentration influences the c lattice parameter, which decreases linearly 
from 5.21 Å to 5.18 Å. Therefore, the Mg ion tends to sustitute Zn ions in the ZnO crystalline structure, yielding a 
diminution of the c lattice parameter. In Fig. 3(a) we show the variation of crystallite size for the [2 0 0] orientation, 
obtained for all Al-doped films. As can be seen, the increment of Al concentration results in an increase of the 
cyrstallite size from 270 Å to 550 Å. These values are in agreement with those reported by Lin et al (2009). 
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Fig. 2. XRD patterns of (a) ZnO:Al and (b) ZnO:Mg samples with different dopant concentrations. The vertical lines indicate the peak positions 
of the reference ZnO powder pattern. The insets show the (0 0 2) peak shifting. 
 
In turn, Fig. 3(b) shows the diminution of crystallite size as the Mg concentration increases.  In this case, the size 
increases for the concentration of 0.15 at.% and diminish slowly as the concentration rises. This behavior has been 
also observed by Ji et al. (2010). 
  
 
Fig. 3. Effect of dopant concentration on crystallite size for (a) Al and (b) Mg. 
 
The structural aspects presented are in accordance with the fact that a greater dopant concentration generates a 
higher amount of nucleation centers, and therefore there is a reduction of the crystallite size in the films. In Fig. 4, 
we show the variation of the lattice parameters a and c as the Al concentration rises. Both parameters diminish 
linearly7KLVWUHQGDJUHHVZLWKWKH9HJDUG
VODZ(Dasgupta et al., 2010), which allows corroborating the fact that the 
Al+3 ions are occupying Zn+2 sites in the crystalline structure and causing its contraction. The Al+3 ions act as donors 
in ZnO and increment the conductivity of the n-type semiconductor. As stated by Shan et al. (2004), despite the 
effectiveness of the Zn+2 substitutions by Al+3 ions, there might be accumulation of Al+3 ions which tend to form 
metastable phases and modify the ZnO properties. In our samples we did not detect any phase that could be 
attributed to the Al ions present in the film, although there might be amorphous regions of isolating material like 
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Fig. 4. 9DULDWLRQRIODWWLFHSDUDPHWHUVLQWKH=Q2$OILOPVDSDUDPHWHU a and (b) parameter c. 
 
As seen in Fig. 2(b), the (0 0 2) peak shifted to higher angles in 2ș as Mg concentration increased from 0 at.% to 
0.75 at.%. This phenomenon resulted in a and c lattice parameter variations as can be observed in Fig. 5(a) and (b). 
 
 
)LJ9DULDWLRQRIODWWLFHSDUDPHWHUVLQWKH=Q20JILOPVDSDUDPHWHUa and (b) parameter c. 
 
Analogously as in the case of Al doping, the variation of a and c is linear with Mg concentration in the range 
between 0 at.% and 0.75 at.%. A remarkable fact is that a augmented and c diminished as the Mg concentration 
increased. The equations describing these trends are approximately a(x) = 3.25 + 0.02x and c(x) = 5.22 – 0.04x, 
where x is the Mg concentration in volume fraction. This effect of the dopant in the ZnO crystalline structure has 
also been pointed out by Ding et al. (2010) and Kaushik et al. (2012) but in films fabricated by different deposition 
methods. The variations of a and c as a function of Mg concentration are attributed to substitutions of Zn atoms by 
Mg atoms in the ZnO:Mg lattice, yielding a reduction of the c/a ratio for higher concentrations of Mg. In a recent 
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works, Ghosh and Basaka (2007) have shown that MgxZn1–xO films obtained by the sol-gel method satisfy the 
9HJDUG law only for x . This implies that if the lattice parameters do not follow this law, exists the possibility 
of observing segregated phases, which can be generated when the Mg is not in a stoichiometric equilibrium inside 
the ZnO structure. In our caVHWKLVZRXOGFRUUHVSRQGWR0JFRQFHQWUDWLRQVLQWKHUDQJHx +RZHYHU
such inhomogeneities were not detected in the lattice parameters for that range of x values. 
We have performed mosaicity measurements, in order to analyze the crystalline structure of the resulting films. 
For these measurements we chose the (0 0 2) diffraction peak, since it is present in the XRD patterns of all samples. 
These measurements consist of rocking curves around the diffraction angle with maximum intensity. The procedure 
was described in detail by Garcés et al. (2013). The results obtained for the Al-doped samples are shown in Fig. 6. 
 
 
Fig. 6. Contour maps (2ș,ș) for the XRD patterns of ZnO:Al thin films doped with different Al concentrations. 
 
 These contour maps were acquired by varying the incident angle ș in 2° steps. For different Al concentrations 
the peaks are centered in ș = 17.21° and 2ș = 34.4°. The sample doped with 0.5 at.% of Al presents the most intense 
peak. In all samples, the peak results wider for incident angles well below or above the value of ș = 17.21°, i. e. near 
5° or 31°, excepting in the sample doped with 0.5 at.% of Al. This widening effect indicates that the film structure 
loses its initial orientation during growth, which is due to surface rugosity and dislocations located at grain 
boundaries. The growing mechanism in these films differs from an epitaxial thickening, which is probably due to the 
fact that the deposition is carried out onto an amorphous substrate like glass. We also measured mosaicity of the 
Mg-doped ZnO films in the concentrations interval between 0.15 at.% and 0.75 at.%. These resulting contour maps 
are shown in Fig. 7, which were measured in the same conditions as for Al-GRSHGILOPVLHș ° and 4° 
ș LQVWHSV7KHUHVXOWVRIWKHVHPHDVXUHPHQWVSUHVHQWDVLPLODUWUHQGDVLQWKHFDVHRI$O-doped films, 
which is characterized by a widening of the peak in the ș axis as the Mg concentration increases. It is worth noting 
that for the sample with a Mg concentration of 0.15 at.% such widening is not observed. Therefore, it is possible to 
infer that that this sample possesses a less degree of mosaicity or disorder in its structure which approaches to a 
higher extent to that of an ideal monocrystalline material. This ideal case will be represented by a Dirac delta in the 
center of the contour map (provided the detector be also ideal). The mosaicity contour maps for both doping 
elements, Mg and Al, presented a widening of about 8° around the peak centered in ș = 17.2° (2ș = 34.4°). In some 
cases this widening was symmetric (for Al: 0.5 at.% and 1 at.%; for Mg: 0.15 at.% and 0.45 at.%). 
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Fig. 7. Contour maps (2ș,ș) for the XRD patterns of ZnO:Mg thin films doped with different Al concentrations. 
 
The mentioned asymmetries are probably due to internal stress, generated by the presence of a second phase 
consisting of the ZnO oxo-acetate compound (Puyoo et al., 2012) between the succesive ZnO:Al or ZnO:Mg layers. 
This secondary phase is grown during the film deposition and acts as a reset layer regarding the ZnO structure that 
tends to reorient the normal axis of growth (the axis corresponding to the lattice parameter c) as stated by Jiang et al. 
(2006). The presence of this secondary phase was evidenced by the peaks marked with asterisks (*) in the XRD 
patterns of Fig. 2(a) and (b). 
 
 
Fig. 8. Scheme of the ZnO film growth to show the effect of an oxo-acetate layer (left) in the crystalline orientation. 
  
The scheme of Fig. 8 shows the relation between surface rugosity and mosaicity measurements. The angle 
between the X-ray source and the detector for the (0 0 2) peak is 180° – 35° = 145° and the angle formed by the 
ZnO crystalline domains oscillates between 120° and 140° (Böttler et al., 2012). Therefore, when the sample is fixed 
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at angles above 8° some regions of the surface are not exposed to the incident X-rays. In this way, if the rocking 
angle increases the signal decreases since the X-rays have to penetrate deeper in the ZnO structure before being 
diffracted (Owen et al., 2012). 
We have performed an electrical characterization of the films by means of Hall effect measurements. To get a 
better understanding of these properties, it was necessary to determine the thickness of the deposited films. This was 
achieved by transmittance measurements by Garcés et al. (2013). The obtained values are presented in Table 1. 
Table 1. ZnO thicknesses for different concentrations of dopants, obtained by optical transmittance measurements. 
Al concentration (at.%) 0 0.25 0.5 0.75 1 1.25 1.4 1.5 
Thickness (nm) 2036 ± 113 1238 ± 18 2986 ± 52 1820 ± 62 2658 ± 135 1770 ± 37 1622 ± 25 1208 ± 76 
Mg concentration (at.%) 0.15 0.25 0.35 0.45 0.55 0.65 0.75  
Thickness (nm) 2669 ± 331 1719 ± 64 3938 ± 56 2424 ± 44 3351 ± 17 2709 ± 239 3158 ± 318  
 
Hall effect measurements for Al-doped ZnO films showed their n-type character. The resistance, resistivity (ȡ), 
carrier density (n) and mobility (ȝ) values as a function of Al concentration are shown in Fig. 9(a) and (b). As seen 
in Fig. 9(a), both resistance and resistivity of the material decreased about one order of magnitude as the Al 
concentration increased from 0 at.% to 1 at.% and present an abrupt increment for higher concentrations. In turn, the 
mobility and the carrier density have a maximum for an Al concentration of 1 at.%. The carrier density and the 
mobility reached a value around 5.5 × 1019 cm–3 and 50 cm2/(9 s), respectively. For Al concentrations above 1 at.% 
both parameters diminish. 
 
 
Fig. 9. (a) Resistance and resistivity of the Al-doped ZnO films as a function of Al concentration and (b) carrier density and Hall mobility. 
 
 Sagar et al. (2005) reported values of 53 cm29VIRU=Q2$OVDPSOHV7KHYDULDWLRQVREVHUYHGIRUn and ȝ can 
be understood in terms of the position of Al ions inside the ZnO structure. Generally, ZnO grows as a n-type 
semiconductor due to the presence of native defects such as interstitial atoms, oxygen vacancies, or both. The 
behavior observed in our samples, for Al concentrations below 1 at.%, is expected due to the substitutional nature 
doping of Al+3 ions in Zn+2 sites, whose effect is evidenced also in the variation of lattice parameters (Fig. 4). This 
process creates an extra contribution of free electrons into the conduction band. Besides this, the diminution of n and 
ȝ for Al concentrations above 1 at.% can be attributed to the interstitial occupation of Al+3 into the ZnO lattice 
structure. This process tends to generate distortions in the crystalline structure. The presence of this ion in interstitial 
sites and grain boundaries produces scattering, which is detrimental for both mobility and free carrier density. This 
fact can be evidenced by the increase of the degree of structural disorder (mosaicity, Fig. 6) for higher Al 
concentrations. We remark here the important fact that the film with better electrical properties (1 at.% Al) also 
possesses the narrowest rocking curve, associated with a lower structural disorder. 
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In Fig. 10(a) we present the resistivity values as a function of Mg concentration, which has a minimum value of 5 
× 10–2 ȍFP IRU D FRQFHQWUDWLRQ RI  at.%. For higher concentrations, the resistivity follows an almost linear 
variation. In this case, the resistivity is affected by oxygen vacancies and the presence of Mg atoms in interstitial 
sites (Park et al., 2011). Carrier density and mobility diminished as Mg concentration increased, as seen in Fig. 
10(b), which has been also reported in other works and is attributed to carrier scattering, higher grain boundary 
fraction, impurity density and, finally, to the possibility of existence of an increment in the electron effective mass 
due to a widening of the ZnO gap (Ke et al., 2012). Until now, with the results obtained from XRD, the diminution 
of n and ȝ can be related to the widening observed in the contour maps for ZnO:Mg. The mobility is affected by a 
higher degree of structural disorder for higher Mg concentrations, which enhances scattering. 
 
 
Fig. 10. (a) Resistance and resistivity of the Mg-doped ZnO films as a function of Mg concentration and (b) carrier density and Hall mobility. 
4. Conclusion 
We performed a structural and electrical analysis of Al- and Mg-doped ZnO thin films, in order to study the 
effect of these impurities on its structural properties. A higher doping level affected mainly the lattice parameter c 
and the crystalline texture of the films. We carried out mosaicity measurements, which brought us important 
information about the growth mechanism associated to the spray pyrolysis deposition method. Hall effect 
measurements also provided useful information concerning the electrical characteristics of the films, showing that 
good electrical characteristics are obtained for an Al concentration of 1 at.% and a Mg concentration of 0.35 at.%. 
We correlated the electrical characteristics with the structural properties obtained from mosaicity measurements, 
which also showed better structural properties for an Al concentration of 1 at.% and a Mg concentration of 0.35 
at.%. 
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